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EARLY LIFE EXPOSURE TO EITHER an excess or a deficit in maternal nutrition has been shown to cause modulations in the offspring's body composition and cardiovascular and metabolic function as a result of developmental programming (45) . The incidence of maternal overnutrition and obesity is rising rapidly worldwide, and the number of pregnant women who are overweight and obese has increased (83) . Children exposed to maternal obesity and gestational diabetes during fetal life have a higher risk of insulin resistance (10) , myocardial hypertrophy (117) , congenital heart defects (74) , and cardiovascular disease (61) . Consistent with these human epidemiological data, animal models provide strong evidence that being born to an obese mother increases offspring risk of myocardial dysfunction including ventricular hypertrophy (37) and myocardial fibrosis (51) . Although the effects of maternal nutrition on the offspring's epigenetic status are well documented (77) , the nature of the fetal molecular pathways modified by maternal obesity remains unknown. There is currently much interest in the use of transcriptional profiling of RNA patterns from potentially affected tissues to identify key regulators involved in initiation and progression of fetal programming.
The recent discovery of microRNAs (miRNAs) has revealed a crucial layer of posttranscriptional gene regulation (73) . MiRNAs are a class of small (18 -25 nucleotides long) noncoding RNA molecules that posttranscriptionally regulate protein-coding mRNA in both plants and animals. More than 1,000 miRNAs have been identified, many of which are tissue specific and temporally regulated in their expression (38) . MiRNAs act as governors of gene expression networks, thereby modifying complex cellular phenotypes in development and pathophysiology. MiRNAs mediate gene silencing by binding to specific target sites within the 3=-untranslated regions (UTR) of mRNA, which will either block the translation or bring about degradation of the transcripts. Many miRNAs are dysregulated in response to cellular stress and can modify essential cellular functions of proliferation, differentiation, and cell death (93) . However, the role of miRNAs in fetal programming remains largely unstudied.
The baboon (Papio hamadryas) is a well-characterized nonhuman primate model for biological studies (21, 107) . Nonetheless, very little is known about baboon miRNAs. Two recent studies have identified and profiled baboon liver miRNAs that are responsive to dietary fat and cholesterol (56) . We and others have studied maternal and fetal baboon physiology in both normal pregnancy and following perturbations that led to developmental programming (65) . We have shown that maternal overnutrition in sheep leads to impaired fetal cardiac function and altered insulin signaling (104) . Our aim in the present study was to undertake a comprehensive sequencing and profiling analysis of miRNA expression in the hearts of baboon fetuses exposed to maternal overnutrition. We hypothesized that maternal overnutrition combined with high-fat diet and maternal obesity will affect the expression of cardiac miRNA in offspring, potentially changing the expression of key proteins in the heart.
MATERIALS AND METHODS
Animal care and maintenance. All procedures were approved by the Texas Biomedical Research Institute (Texas Biomed) Institutional Animal Care and Use Committee and conducted in Association for Assessment and Accreditation of Laboratory Animal Care-approved facilities.
was calculated by dividing the number of Ki-67-positive nuclei by total nuclei and multiplying by 100.
RNA isolation. Overall, this study used 11 fetal hearts: six from baboons born to RD-fed mothers (n ϭ 3 males and 3 females) and five from baboons born to HFD-fed mothers (n ϭ 3 females and 2 males). Total RNA was isolated with the use of RNAeasy kit (Qiagen). The integrity of RNA was tested by spectroscopic analysis and by resolving on denaturing formaldehyde gel.
miRNA sequencing and profiling. RNA quality control, microRNA sequencing, profiling, and data analysis were performed by LC Sciences (Houston, TX). We sequenced and profiled baboon fetal cardiac miRNAs from RD and HFD groups (Gene Expression Omnibus accession number for the microarray data: GSE43323). Initially, RNA samples pooled from two RD and two HFD hearts (males and females) were processed to generate a cDNA library, which was then used for deep sequencing. The purified cDNA library was used for cluster generation on Illumina's Cluster Station and then sequenced on Illumina GAIIx following vendor's instruction for running the instrument. Raw sequencing reads were obtained using Illumina's Pipeline v1.5 software following sequencing image analysis by Pipeline Firecrest Module and base calling by Pipeline Bustard Module. The extracted sequencing reads were then used in the standard data analysis. Custom-made microarrays were used to profile the expression of fetal cardiac miRNAs in all 11 RNA samples (6 RD and 5 HFD).
RT-PCR. For validation of the microarray data RT-PCR was performed. We reverse transcribed 5 ng of total RNA using the TaqMan MicroRNA Reverse Transcription Kit. Taqman reactions were conducted with commercially available validated primer/probe sets (Applied Biosystems) and normalized to U18 as internal control. The changes in the threshold cycle (C T) values were calculated by the equation C T ϭ CT target Ϫ CT input. The fold differences were calculated by 2 Ϫ(dCT) method. Western blot analysis. Potential miRNA targets were determined by Western blot analysis. The whole cell homogenates were isolated and resolved on 4 -20% gradient SDS-polyacrylamide gels. After electrophoresis, the proteins were transferred to nitrocellulose membranes, the membranes were blocked with 5% skim milk in Tween-20/Tris-buffered saline and probed with mouse monoclonal anti-HIF-1␣ (BD Biosciences), anti-thrombospondin (TSP)-1 (R&D Systems), anti-connective tissue growth factor (CTGF) (Gentex), and anti-p53 (Novus). The blots were then incubated with horseradish peroxidase-conjugated secondary antibodies. Finally, the enhanced chemiluminescence (ECL) reaction was performed and the blots were visualized by G-Box (Syngene). The intensity of each signal spot was transformed into digital data with autobackground subtraction during spot density analysis with the Syngene GeneTools software.
Ingenuity Pathways Analysis. MiRNA Target Filter Analysis and Core Analysis of miRNA Target Genes were performed by Ingenuity Pathways Analysis (IPA, Ingenuity Systems). This software analysis lists genes in the context of known biological response and regulatory networks as well as other higher-order response pathways. MiRNA targets that were associated with biological functions in the Ingenuity Pathways Knowledge Base were used in the analysis.
Statistics. All data are expressed as means Ϯ SE. The statistical significance of differences between experimental groups was determined by ANOVA and unpaired two-tailed Student's t-test. P values of Ͻ0.05 were considered statistically significant. triglycerides compared with RD (Fig. 1D ). During pregnancy, dams fed the HFD lost nearly 0.2 kg in body weight, while RD dams gained 1.8 kg (Fig. 1C) .
Fetal morphometrics at 165 days of gestation. Table 1 presents morphometric measures on the placenta and fetuses of RD and HFD dams at cesarean section on day 165. Although there was no difference in placental weight or volume, placental efficiency, expressed as the fetal mass supported per unit placental mass, was reduced in HFD pregnancies compared with control RD (P Ͻ 0.02)( Table 1 ). Fetal body weight was reduced by 16% in HFD pregnancies. Brain and thymus weights were significantly increased in HFD fetuses compared with RD. No change in heart weight was detected (Table 1) .
Heart histology. Hematoxylin-and-eosin staining did not reveal any significant differences in myofiber orientation in fetal ventricular tissue from RD and HFD groups (not shown). However, Masson trichrome-stained cardiac sections (Fig. 2) showed increased myocardial fibrosis in HFD fetal hearts (22.05 Ϯ 3.8%, n ϭ 5) compared with RD hearts (2.1 Ϯ 0.76%, n ϭ 6; P ϭ 0.003).
MiRNA sequencing in fetal baboon hearts. We isolated total RNA from the hearts of baboon fetuses. The RNA samples were checked for RNA quality control and processed to generate a cDNA library on which deep sequencing was performed. Overall, 27,857,063 sequence reads were obtained ( Table 2) . A total of 2,369,584 unique sequences were annotated to annotated small RNA sequences. The small RNA libraries exhibited a diverse size distribution of sequence reads that aligned to the human genome (Fig. 3) . miRNAs were the most abundantly expressed small RNAs with 22,611,923 or 81% of total sequences. Other small noncoding RNAs such as small interfering RNAs, small nucleolar RNAs, small nuclear RNAs, and transfer RNAs comprised only 1% (318,109) of the total sequences. On average 19,708,547 sequences (or 87.2%) were mapped to miRBase. We discovered 961 miRNAs in the hearts from baboon fetuses: 601 (68%) were identical to human miRNAs; 23 were mapped to other mammalian miRNAs. Of these mapped miRNAs, 157 showed new genome location, and 180 baboon miRNAs were novel; of these 86 were unmapped to known miRNAs ( Table 3) .
Dysregulation of fetal cardiac miRNA expression in response to maternal obesity. MiRNA expression profiling using microarrays is a powerful high-throughput tool capable of monitoring the regulatory networks of the entire genome. To identify regulatory networks involved into the fetal response to maternal obesity, miRNA microarray analysis was performed by LC Sciences. Comprehensive miRNA profiles were generated for 11 fetal hearts from baboons born to RD (n ϭ 3 males and 3 females) or HFD (n ϭ 3 females and 2 males)-fed mothers. The expression pattern of differentially expressed miRNAs is presented as a clustered heat map (Fig. 4) . Overall, 80 miRNAs were altered in response to maternal obesity (P Ͻ 0.05). Of those, 55 miRNAs were upregulated and 25 downregulated. In total, 22 miRNAs (27.5%) mapped exclusively to human, nine miRNAs mapped to other mammalian species: three miRNAs to Bos taurus (bta-miRs-2436-3p, -1296, -2889), three to Canis familiaris (cfa-miRs-143, -135a-2, -127), one miRNA to Monodelphis domestica (mdo-miR-139), one to Mus musculus (mmu-miR-326), and one to Pongo pygmaeus (ppy-miR-638). The remaining 49 miRNAs were unmapped at the time of analysis. The greatest expression change, Ͼ16-fold upregulation, was found for hsa-miR-1296 in HFD hearts compared with RD. Other miRNAs demonstrating notable (Ͼ4-fold) nutrient sensitivity included overexpression of hsa-mir-30a, hsa-mir- Quantitative RT-PCR analysis of selected miRNAs. To confirm the accuracy of the results in the microarray study, we performed real-time PCR on 11 differentially expressed miRNAs. Four criteria were used to select candidate miRNAs: 1) the miRNA must be highly expressed in the heart; 2) the miRNA has to be previously linked to cardiac disease; 3) only one representative from a given miRNA family should be considered; and 4) the miRNA must be a target of a commercially available RT-PCR assay at the time of the work. Table 6 summarizes the data and illustrates the differences in expression between the HFD and RD RNA populations found by RT-PCR. U18 (Applied Biosystems) was used to normalize the RT-PCR data set. The normalized RT-PCR data yielded a correlation of 0.68 (P Ͻ 0.02) with microarrays. We found that compared with microarray: 1) the changes in expression of seven miRNAs (63%) were consistent with those determined by microarrays: hsa-mir-30a, hsa-mir-1-2, hsa-mir-223, hsamir-197, hsa-mir-18a, hsa-mir-584, hsa-mir-499; 2) changes in the opposite direction to those shown by microarrays were found for two miRNAs: hsa-mir-451, hsa-mir-30c-1, and 3) two miRNAs remained unchanged in contrast to our microarray data: hsa-mir-145, hsa-mir- 21 .
Identification of miRNA predicted targets. miRNAs can regulate a large number of target genes and several databases based on various algorithms are available for predicting the targets of selected miRNAs. Target Scan 5.0, PicTar, and DIANA LAB were used to predict gene targets of the dysregulated miRNAs identified in this study. Overall Ͼ1,700 predicted and experimentally observed targets were identified. Using Ingenuity Pathways Analysis IPA), we utilized an miRNA target filter to limit the search to targets expressed in the heart. As a result, Ͼ1,500 target genes were identified, 133 of which were experimentally observed and the others classified as "highly predicted."
A subset of validated and predicted target genes was selected to confirm the expression changes by Western blot analysis. Two extracellular matrix proteins and mediators of cardiac fibrosis in humans and rodents (95, 96) , CTGF, and TSP-1 were among the validated targets. TSP-1 appeared to be a target of upregulated miR-1(4) and two downregulated miRNAs: miR-27b (115) and miR-18a (102) . We found significantly increased cardiac protein levels of TSP-1 (P Ͻ 0.05) in HFD hearts compared with RD hearts (Fig. 5, A and C) . Similarly, the protein level of CTGF, a target gene of three (Fig. 5, A and D) . Among the predicted targets, Claudin1 (CLDN1), a tight junction component, was identified as the potential target for four upregulated miRNAs: miR-139, miR-145, miR-584, miR-30a, and Western blot analysis showed 50% reduction in CLDN1 levels in HFD hearts compared with RD (Fig. 5, A and B) . Novel miRNAs differentially expressed in HFD hearts compared with RD also had a great number of predicted target genes. Table 7 summarizes the information regarding cardiacrelated potential target genes of five upregulated and five downregulated novel miRNAs. IPA of predicted targets. Using the entire list of identified predicted targets as a starting point, we utilized IPA to reveal potential diseases, molecular functions, physiological systems, and canonical pathways associated with differentially expressed miRNAs. Not surprisingly, the analysis identified developmental disorder and cardiovascular disease as the main diseases associated with maternal overnutrition (324 and 251 molecules, respectively; P Ͻ 0.05). Cellular death and survival, growth, and proliferation and cellular development were the most affected molecular and cellular functions in response to maternal overnutrition. We next evaluated changes in cell death and proliferation in the RD and HFD hearts. TUNEL assay showed extremely low levels of cardiomyocyte cell death in ventricular tissue of both RD and HFD fetuses (not shown). In contrast, the proliferation rates measured by Ki-67 staining were significantly higher in HFD hearts compared with RD (P Ͻ 0.05, Fig. 6 ).
IPA also identified 383 potential transcriptional regulators (not shown). The transcription factors with the highest degree of probability and target molecules were: 1) tumor protein p53 (TP53), 2) peroxisome proliferator-activated receptor gamma (PPAR-␥), and 3) hypoxia-inducible factor 1 alpha (HIF-1␣). Western blot analysis showed fourfold decrease in the levels of HIF-1␣ in HFD hearts compared with RD hearts (P Ͻ 0.05, Fig. 7, A and B) . The expression of p53 showed a trend toward a decrease, which, however, did not reach a statistical significance (P ϭ 0.1). No differences in PPAR-␥ were detected (not shown).
DISCUSSION
The incidence of obesity has risen sharply over the past 20 yr and has now reached epidemic proportions, with Ͼ1.5 billion adults overweight and 500 million clinically obese adults worldwide (68) . In addition to the short-term complications of obesity for both mother and fetus during pregnancy, emerging evidence suggests that maternal obesity has longterm consequences for the health of the offspring (13, 94) .
Prenatal and early-life nutrition and stress are among the best documented examples of adverse conditions that predispose the offspring to metabolic and cardiovascular diseases in later life (5). These effects have been confirmed in sheep and rat models of maternal overnutrition (3, 47, 51, 85, 98, 104, 111) . The in utero environment can substantially modify how the fetal genome is expressed, thereby exerting stimulatory or inhibitory effects on fetal growth and adiposity.
In this study, we focused on the effect of HFD. We showed a significant increase in maternal body weight and blood LDL-cholesterol in dams fed an obesogenic diet. Despite the fact that HFD-fed mothers did not gain weight during the pregnancy, we found significant physiological changes potentially caused by pregravid maternal obesity. We showed a significant decrease in fetal weight, as well as increase in the weights of brain and thymus in the fetuses of HFD mothers. A reduction in fetal body weights has been shown in nonhuman primate model of maternal obesity (71) . In human data, a prospective study of pregnancy outcome in obese women showed that only 13.4% of infants were large for gestational age, while 18.8% of infants were small for gestational age (82) . Our recent observations (Maloyan A, Myatt L, unpublished observations) have shown a strongly correlation between birth weight and weight gain during pregnancy. This correlation has been shown before (1) . Thus, a 16% reduction in birth weight in our baboon cohort can be at least partially explained by the fact that the HFD mothers lost nearly half a kilogram in body weight during pregnancy. This suggests that cardiac abnormalities seen in the offspring of HFD mothers are due to preexisting maternal adiposity and cannot be reversed by low weight gain during pregnancy. In contrast to other animal models of maternal obesity (34, 37) , the cardiac mass did not change in HFD fetuses. However, we found a significant accumulation of fibrotic tissue in the myocardium of HFD fetuses. Fibrosis is usually a hallmark of aging in various organs including kidney (41), liver (42), pancreas (44), lung (12) , and heart (8). Accumulation of myocardial collagen at cancer (48) The numbers in parentheses refer to reference list numbers. The microarray data were converted to fold change to directly compare with RT-PCR values, n ϭ 6 RD and 5 HFD, *P Ͻ 0.05. this early stage of development could lead to progressive increase in ventricular stiffness and impaired cardiac function in offspring. We have previously shown that cardiac function is already impaired by late gestation in a sheep model of maternal obesity (104) .
A major role in cardiac fibrosis has been historically attributed to various growth factors, proteolytic enzymes, angiogenic factors, and fibrogenic cytokines (109) . However, miRNAs have recently come into focus as regulators of cardiac fibrosis (6) . A number of miRNAs have been identified to induce cardiac fibrosis; however, cardiac miR-21 is among the most strongly upregulated in response to variety of cardiac and physiological stresses (62) including the 4.8-fold increase in its levels seen in this study. Further studies are needed to define the role of miR-21 in the cardiac fibrotic remodeling in response to maternal obesity.
Changes in fetal gene expression as result of maternal undernutrition have been previously shown in rat (108), sheep (43) , and baboon (77) models. Recent reports from our group have shown that both maternal nutrient reduction and overfeeding in the sheep alters gene transcription in the fetal heart (27, 56) and downregulates fetal skeletal-muscle protein synthesis (116) . The mechanisms whereby maternal obesity and nutrient excess in utero increase risk for future metabolic The fold change, the 2-8 mer seed region, numbers of predicted target genes according to Targetscan and sample target genes, for each novel miRNA are shown. PC, potential candidate. disease are poorly understood but likely include qualitative and quantitative changes in fetal nutrient supply in combination with genetic and epigenetic mechanisms. The in utero environment can substantially modify how the fetal genome is expressed, thereby exerting stimulatory or inhibitory effects on fetal growth and adiposity.
In this study, we have sequenced baboon fetal cardiac miRNA and identified miRNAs that were differentially expressed in response to maternal HFD for the first time. Our initial search has been for differentially expressed miRNAs that have been linked to cardiac development. We show that, for example, downregulation in miR-17-92 cluster has been reported to produce septal defects in mice (103) , and miR-181a is involved into cardiac neural crest migration (16) . At this point we can speculate that dysregulation of developmentally important miRNAs may explain epidemiological studies that have shown that offspring of obese women are at significantly increased risk for a range of congenital heart defects (14, 74) .
Some miRNAs whose expression was affected by maternal HFD were similar to those that are changed in adult cardiac diseases, such cardiac hypertrophy (miR-143, miR-499, and miR-21) (24), heart failure (miR-21 and miR-223) (50) , and myocardial infarction (miR-30c, miR-451, and miR-139) (84) . There is upregulation of miRNAs involved in enhancing fibrosis (miR-21, miR-499, miRs-133 family, and miRs-30 family) (6) and enhancing intracellular trafficking, and cell adhesion (miR-30 family) (31) . Postnatal cardiac function studies are required to determine whether abnormal expression of these miRNAs results into the functional abnormalities in the hearts of HFD offspring later in life. We speculate that the changes we have observed in cardiac miRNA expression will prove detrimental for cardiac function in HFD offspring.
A question facing any researcher with a microarray data set is how much quantitative confidence can be placed in them? RT-PCR is becoming the method of choice in follow-up validation (19) although microarray and RT-PCR data often result in disagreement. In our study, we validated the differential expression of 11 miRNAs with correlation coefficient of 0.68. A survey of the literature reveals widely ranging correlations between microarrays and RT-PCR data of 0.48 to 0.94, illustrating the differences between these technologies (7). Discrepancy could arise from: 1) a distance between the location of the PCR primers and microarray probes; 2) an intensity of array spot with low intensities having considerably lower correlations with RT-PCR data than high intensity spots (7); 3) the difficulties for conventional microarrays to differentiate between members of miRNA families, which often differ by as little as one nucleotide but might exhibit differential expression patterns.
The pathways and biological processes affected by the differentially expressed fetal cardiac miRNAs have yet to be experimentally ascertained. Linking an miRNA to its downstream gene targets is a major challenge in miRNA research. A variety of bioinformatic processes have been developed that predict potential binding sites within the sequence of gene 3=-UTRs in an effort to identify genes regulated by miRNAs. In this study, three algorithms (Target Scan 5.0, PicTar, and DIANA LAB) were used. These are sensitive algorithms with substantial overlap in their predicted targets (92) .
Both CTGF and TSP-1 are expressed in the heart during development, whereas their expression is low during normal postnatal life (20, 87) . Maternal obesity-mediated upregulation of fetal cardiac CTGF and TSP-1, which regulate extracellular matrix remodeling, suggests that changes in miRNA expression may contribute toward fine tuning of the extracellular matrix proteins potentially leading to fibrosis (20, 88) . Claudins regulate many critical developmental processes in vertebrates, with their loss leading to developmental abnormalities or even death (101) . We found significant downregulation in CLDN1 protein level in HFD fetal hearts compared with RD. We hypothesize that reduction in CLDN1 might play a role in abnormal fetal cardiac development in response to maternal obesity.
Using IPA, we found that numerous transcriptional regulators, cell signaling molecules, and genes involved in cell death, proliferation, and cardiac development are strongly represented among the potential targets. Interestingly, our data showed a significant increase in cardiomyocyte proliferation in HFD hearts vs. RD. An increase in cell proliferation in the offspring of maternal obesity has been shown before. In rats, maternal HFD increased proliferation of fetal neuroepithelial and neuronal precursor cells (15) . In a sheep model of maternal obesity, Ford et al. (39) found an increase in the proliferation of fetal pancreatic ␤-cell. In a recent study, Eulalio et al. (33) identified a number of miRNAs that had in vitro and in vivo capability to increase cell proliferation in neonatal cardiomyocytes as well as to promote cell cycle re-entry of adult cardiomyocytes. MiRNA(s) responsible for the activation of cardiomyocyte proliferation in our model remains to be elucidated.
Interestingly, some of the largest groups of dysregulated genes in obesity, for example, inflammatory response-related genes, were not represented by the in silico analysis of potential targets. Potential explanations for this observation include that miRNAs may be indirect regulators of inflammatory response genes at the level of transcription control and that our model of maternal HFD in pregnancy does not induce fetal inflammation at 165 days gestation.
It is well known that an evolutionarily conserved orchestra of transcription factors controls cardiac development and function. More recently, the contribution of transcription factors to miRNA expression in the heart has been identified (23) . For example, transcription of miR-1, miR-21, miR-206, and miR-133 is directly regulated by serum response factor (SRF) (114); transcription of miR-210 is activated by HIF-1␣ (46); and transcription of profibrotic miR-21 is regulated by AP-1 (40) and SRF (78) . Tight cooperation of three transcription factors, p53, STAT3, and NF-B, has been shown to regulate miR-21 expression during heart failure (18) . In this study, we found significant reduction in the levels of HIF-1␣ in HFD hearts compared with RD. The involvement of HIF-1␣ in fetal programming is mostly limited to in utero adaptation to hypoxic conditions (2, 81) . It is generally accepted that HIF-1␣ is stabilized under hypoxia (90) . However, prolonged chronic hypoxia, such as seen in obesogenic intrauterine environment (75, 76) , has been reported to promote HIF-1␣ degradation and inhibition of its downstream signaling (70) . It has been previously shown that HIF-1␣ is required for the proper development of the cardiovascular system (55, 91) , and reduction in HIF-1␣ as seen in HFD fetuses might lead to cardiac malformations and abnormal cardiac function during fetal and postnatal life.
In conclusion, maternal HFD before and during pregnancy induces fetal cardiac fibrosis and differential expression of cardiac miRNAs that may contribute to the programming of heart development observed in several animal models. Our study has some limitations. First, because of the sample size of previously archived tissue (three males and two females in the HFD group), we were not able to identify sex-specific changes in gene and miRNA expression. Early studies identified marked sexual dimorphism in the baboon response to high caloric diet with female baboons, overfed as infants, having significantly greater body fat mass, percent of body mass that was fat, and mean fat cell volume compared with females that were underfed or normally fed as infants, while no significant changes were observed in male baboons (64) . Second, alteration in the expression of miRNA alone is only a first step in understanding their role in programming and does not prove a functional role. Further experiments using in vitro and in vivo models with genetic manipulation of differentially expressed miRNAs will provide a more complete understanding of their role in fetal heart development in the setting of maternal overnutrition. 
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